Hepatic mitochondrial and peroxisomal f-oxidation were examined in an Anta-rctic marine teleost, Notothenia gibberifrons. Enzymic profiles and rates of fl-oxidation by intact organelles were determined by using a range of fatty acyl-CoA substrates to evaluate substrate preferences. Partitioning of foxidation between organelles was estimated. Substrate selectivities are broader for peroxisomal ,-oxidation than for mitochondrial fl-oxidation. Mitochondria show marked preference for the oxidation of a monounsaturated substrate,
INTRODUCTION
f-Oxidation offatty acids occurs in two metabolic compartments, the mitochondrion and the peroxisome (Lazarow and de Duve, 1976; Lazarow, 1978) . The peroxisome is thought to chainshorten long-chain fatty acids, including polyunsaturated fatty acids, that are otherwise poor substrates for mitochondrial f-oxidation (reviewed by Osmundsen et al., 1987 Osmundsen et al., , 1991 .
Antarctic fishes possess two characteristics that suggest that they may rely on peroxisomal catabolism of fatty fuels to supplement mitochondrial f-oxidation. First, these animals have high capacities to utilize lipid fuels relative to carbohydrate fuels, in marked contrast with temperate-zone marine fishes, which do not display such strong preferences for lipid fuels (Crockett and Sidell, 1990) . Second, tissues from Antarctic fishes have high concentrations of polyunsaturated fatty acids in neutral-lipid stores. The predominant polyunsaturates are eicosapentaenoic acid (C20:5) and docosahexaenoic acid (C22:6), which range from 8 to 26 % of total fatty acid pools from skeletal muscle and serum (Lund and Sidell, 1992) . These polyunsaturates occur, at least in part, as a result of diet in this group of fishes. Many Antarctic marine invertebrates, prominent prey of South Polar fishes, are rich in these polyunsaturates (e.g. Clarke, 1980; Fricke and Oehlenschlager, 1988) .
The physiological significance of abundant polyunsaturated fatty acids in neutral lipids of Antarctic fishes is unresolved. Polyunsaturates serve as potential fuels for energy metabolism in Antarctic fishes, or alternatively, these lipids may accumulate in tissues if little or no means exists for their catabolism.
Purposes of this study are (1) to characterize #-oxidation of polyunsaturated fats and (2) to estimate partitioning of fioxidation between mitochondria and peroxisomes in an Antarctic fish, Notothenia gibberifrons. We utilize two approaches in addressing these questions. The first approach measures enzymes from the rate-limiting steps in mitochondrial and peroxisomal fipalmitoleoyl-CoA (C16:1) are 2.4-fold higher than activities with palmitoyl-CoA (C16:0). Most polyunsaturated acyl-CoA esters measured appear to inhibit by over 40% the oxidation of palmitoyl-CoA by peroxisomes. Our findings suggest that the polyunsaturates, eicosapentaenoic acid (C20:5) and docosahexaenoic acid (C22:6), found in high concentrations in Antarctic fishes [Lund and Sidell (1992) 
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Synthesis of eicosapentaenoyl-and docosahexaenoyl-CoA Acyl-CoA esters were synthesized enzymically by a procedure similar to that described in Frentzen et al. (1983) . Fatty acids (eicosapentaenoic and docosahexaenoic) were converted into potassium salts. Butylated hydroxytoluene was included, at 0.005 % (w/v), to prevent autoxidation of substrates. Reaction mixtures for syntheses contained 0.62 mM potassium salts of the fatty acids, 0.7 mM CoA, 5 mM ATP, 20 mM MgCl2, 1 unit of acyl-CoA synthetase/ml (unit = ,umol of product/min) in 150 mM Tris/HCl (pH 7.8 at 25°C). The extent of CoA esterification was monitored periodically by following the reduction of 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB) by free CoA at 412 nm in sub-samples of reaction mixtures as described by Bar-Tana et al. (1971 
Preparation of organelles
Solutions and protocol for centrifugation were adapted from the procedures described by Neat et al. (1980) Density-gradient medium was 300% (v/v) Percoll solution made iso-osmotic with 350 mM sucrose, and buffered by 10 mM Hepes/2 mM EGTA (pH 7.8 at 1°C). A 2 ml portion of resuspended material was layered on 27 ml of density-gradient medium. A 3 ml cushion of 600% (w/v) sucrose and a 2 ml overlay of 1.1 0% (w/v) NaCl were used. Self-generated Percoll gradients were formed in a Beckman 50.2 Ti fixed-angle rotor at 71000 gav for 25 min (acceleration/deceleration times not inclusive) in a Beckman L5-50E ultracentrifuge (4°C). Tubes were pierced with a Hoefer FS 101 gradient tube fractionator, and fractions (1.6 ml) were collected with a fraction collector. Marker enzymes for mitochondria (cytochrome c oxidase) and peroxisomes (catalase) were measured at 5 'C. Cytochrome c oxidase was assayed by the method described in Wharton and Tzagoloff (1967) . The catalase assay was adapted from Beers and Sizer (1952) .
Once the position of organelles in the gradient had been confirmed, they were collected for fl-oxidation experiments by direct tube puncture with an 18-gauge needle and withdrawal of the band characteristic of that organelle. Percoll was removed from these samples by diluting fractions in 2 vol. of 350 mM sucrose/! O mM Hepes (pH 7.8 at 1 C), followed by centrifugation at 9000 g.v for 30 min (4°C). Enriched organellar fractions were pelleted by this procedure.
fl-Oxidation experiments
The oxidation rate of [1-_4C] (Mannaerts et al., 1979; Hovik and Osmundsen, 1988 ), show Triton X-100 inhibition of oxidation in the mitochondrial fraction, whereas fl-oxidation in the peroxisomal fraction is slightly enhanced. Finally, fl-oxidation experiments yield markedly different substrate profiles for mitochondrially and peroxisomally enriched fractions (see below).
Enzymic substrate specificities CPT shows marked preference for particular substrates, whereas ACO has comparable rates of catalysis with a broad range of substrates (Table 1) whereas the Kcat for palmitoyl-CoA (C16:0) is nearly 3-fold higher than the Keat. for linolenoyl-CoA (C18:3) (Table 4) .
Estimates of fl-oxidation partitioning
Estimates from both enzymic and f-oxidation analyses suggest that peroxisomes may initiate up to 30% of total hepatic f8-oxidation of palmitoyl-CoA (C16:0) in Notothenia gibberifrons ( Osmundsen et al., 1987 Osmundsen et al., , 1991 and another teleost, Myoxocephalus octodecimspinosus (Crockett and Sidell, 1993) . Peroxisomes appear capable of oxidizing a broad range of acyl-CoA substrates at relatively high rates, whereas more defined substrate preferences are displayed by mitochondria. Our observations are in contrast with the range of suitable acylcarnitine substrates found for mitochondrial f-oxidation with rainbow trout, Oncorhynchus mykiss (Henderson and Sargent, 1985) . Either substrate selectivity for mitochondrial f-oxidation varies among species or selectivity of the intact pathway is imposed at the level of CPT.
Eicosapentaenoyl-CoA (C20 :5) and docosahexaenoyl-CoA (C22 :6) are preferred substrates for mitochondrial fl-oxidation, whereas two other polyunsaturates, linolenoyl-CoA (C18:3) and arachidonoyl-CoA (C20:4), are oxidized poorly by mitochondria from Notothenia gibberifrons. Compelling data for preference of eicosapentaenoyl-CoA (C20 :5) and docosahexaenoyl-CoA (C22:6) are (1) high activities of CPT with these substrates (Table 1) High capacities for mitochondrial ,-oxidation of some polyunsaturated substrates in Notothenia gibberifrons are contrary to trends observed for mammalian mitochondria. Mitochondria from mammalian (rat) liver generally are considered to be poor oxidizers of substrates with increasing degree of unsaturation (summarized in Osmundsen et al., 1987) . Osmundsen and Bjornstad (1985) found rates of 02 utilization by rat liver mitochondria with linolenoyl-(C18:3), arachidonoyl-(C20:4) and docosahexaenoyl-(C22:6) carnitine to be only 20 % of the rates observed with oleoylcarnitine (C18:1). In addition, these authors found docosahexaenoylcarnitine (C22:6) to be a potent inhibitor of the mitochondrial oxidation of oleoylcarnitine (C18:1). However, Christensen et al. (1986) observed total (mitochondrial and peroxisomal) f-oxidation rates with arachidonoyl-(C20:4) and eicosapentaenoyl-(C20:5) carnitine similar to that with oleoylcarnitine (C18:1), and concluded that both polyunsaturated substrates are oxidized primarily by mitochondria.
The monounsaturate palmitoleoyl-CoA (C16:1) clearly is a preferred substrate for mitochondrial fl-oxidation in Notothenia gibberifrons liver. This interpretation also is consistent with reports that monounsaturates are preferred substrates for mitochondrial fl-oxidation in N. gibberifrons muscle (Crockett et al., 1988) and in carp muscle (Murata and Higashi, 1979) .
Peroxisomes from Notothenia gibberifrons liver are capable of fl-oxidizing a wide range of fatty acyl substrates. ACO activities with various substrates have been shown to predict accurately substrate selectivities for peroxisomal fl-oxidation in rat liver (Hryb and Hogg, 1979; Handler and Thurman, 1988) . It is therefore likely that ACO in N. gibberifrons should reflect capacities for peroxisomal f-oxidation. Although capable of utilizing a broad range of substrates, peroxisomes from teleost fishes may catabolize polyunsaturates at lower rates (relative to palmitoyl-CoA) than peroxisomes from mammals. Hepatic peroxisomes from mammals are capable of fl-oxidizing polyunsaturated substrates, often at rates higher than their more saturated counterparts (reviewed by Osmundsen et al., 1987 Osmundsen et al., , 1991 . Compared with other substrates, linolenoylCoA (C18:3) is oxidized at the highest rates by rat liver peroxisomes, although its apparent Km is similar to those of linoleoyl-CoA (C18:2) and oleoyl-CoA (C18:1) (Hiltunen et al., 1986) . For the C20 and C22 carbon substrates, the trend is for higher oxidation rates with greater degree of unsaturation (Hovik and Osmundsen, 1987 (Osumi et al., 1980; Alexson and Cannon, 1984; Hovik and Osmundsen, 1987) . Hovik and Osmundsen (1987) proposed that the site of inhibition of peroxisomal f-oxidation is at ACO. These authors observed substrate inhibition offl-oxidation, using solubilized peroxisomal fractions similar to that reported with purified ACO (Osumi et al., 1980) .
Inhibition of peroxisomal fl-oxidation of palmitoyl-CoA by polyunsaturated acyl-CoA esters is probably due to competition for the active site of ACO and not to detergent effects from acyl-CoA micelles. The critical micelle concentration (CMC) of palmitoyl-CoA is 42 ,uM (Smith and Powell, 1986) . Temperature has a small effect on CMC (Tanford, 1980) . Also, unsaturation raises CMC (Smith and Powell, 1986 (Table 5 ). These fatty acyl compounds are palmitoleoyl-CoA (C16,1), oleoyl-CoA (C18:1), eicosapentaenoyl-CoA (C20:5) and docosahexaenoyl-CoA (C22:6), based on the fatty acid compositional analysis of N. gibberifrons performed by Lund and Sidell (1992) . Enzymic estimates also reflect significant peroxisomal capacity for f-oxidation for all substrates measured.
CPT and ACO are reported to catalyse the rate-limiting steps in mitochondrial and peroxisomal fl-oxidation respectively (Crabtree and Newsholme, 1972; Inestrosa et al., 1979; Osumi and Hashimoto, 1979) , and thus provide reliable estimates of organellar capacities for f-oxidation.
A prominent role for hepatic peroxisomes in fl-oxidation of fats may be widespread among marine teleosts and not be unique to the polar N. gibberifrons. In a temperate teleost, Myoxocephalus octodecimspinosus, f-oxidation by peroxisomes represents 50 % of total hepatic f-oxidative capacity for palmitoyl-CoA (Crockett and Sidell, 1993) . However, our estimates for peroxisomal contribution to total fl-oxidation in marine fishes are in contrast with the low estimates for peroxisomal relative to mitochondrial oxidative capacities based on enzyme activities in the herring Clupea harengus pallasi (Moyes et al., 1991) . Although generally lower than estimates for teleosts described here, estimates for peroxisomal fi-oxidative partitioning in mammalian hepatocytes have ranged widely (reviewed by Osmundsen et al., 1991) . Estimates for the peroxisomal contribution to total fl-oxidation have ranged from less than 10% (Mannaerts et al., 1979) , 32% (Kondrup and Lazarow, 1985) , to as high as 50 % in animals which have been administered the peroxisome proliferator clofibrate (Rognstad, 1991 Eicosapentaenoic acid (C20:5) and docosahexaenoic acid (C22:6) also are likely to be important metabolic fuels in other teleosts. It is observed commonly that marine teleosts are rich in n -3 fatty acids, particularly eicosapentaenoic and docosahexaenoic acids (reviewed by Sargent, 1976) . Zooplankton, a food for many fishes, are a rich dietary source of these polyunsaturates (Sargent, 1976) . Although a more limited scan of substrate selectivities was performed in Myoxocephalus octodecimspinosus, a temperate marine teleost, substrate preferences for ,-oxidation appear similar to those of Notothenia gibberifrons (Crockett and Sidell, 1993) . It is then likely that the temperate species also utilizes eicosapentaenoic (C20:5) and docosahexaenoic (C22:6) acids for energy metabolism.
In 
